We investigate the cavity excitation spectrum and the photon number distribution in a cavity QED system driven by a broadband squeezed vacuum. In an empty cavity, we show that only states with even number of photons can be measured under resonant condition since the squeezed vacuum consists of states with even number of photons only. When a single atom is trapped in the cavity, the strong coupling between the atom and cavity results in energy splittings of the system, and there exist two peaks in the cavity excitation spectrum at two-photon transition frequencies. At the central frequency, however, all photon states can be detected because of the interaction between the atom and cavity. Therefore, it can be used to detect whether a single atom is trapped in the cavity. We also show that the squeezed vacuum can promote multiphoton excitations in the cavity. Using a coherent probe field, it is possible to explore higher JaynesCummings doublet even if the probe field intensity is very weak.
Introduction
Nonlinearity induced quantum optical effects in cavity quantum electrodynamics (QED) systems have been intensively studied in past few decades, including the squeezed excitation [1] , multiphoton excitation [2] [3] [4] , photon blockade phenomenon [5] [6] [7] and so on [8, 9] . Many of these properties have been explained theoretically and observed experimentally [10, 11] . The investigations on nonlinear features of optical field not only reveal some fundamental questions about cavity QED, but also lead to many practical applications in many fields, including high precision measurements [12] , optical communications [13] and optical information processing [14] .
In general, a high-finesse cavity is required to produce nonlinear effects because strong coupling between a quantum emitter and cavity can be achieved. In this case, dynamical evolution of the quantum emitter in strong coupling regime is intimately tied with the resonant or non-resonant modes in the cavity. More specifically, the quantum emitter can be detected in a desired state if the cavity is well prepared [15] . With the development of current experimental technologies, strong coupling between quanta and cavity becomes possible not only in traditional cavity QED systems but also in circuit QED systems. Particularly, many nonlinear features such as two-photon and three-photon excitations have been observed experimentally in the circuit QED systems because extremely strong coupling can be realized by the large dipole coupling strength and the long coherence time of artificial "atoms" [16] [17] [18] .
To explore much higher Jaynes-Cummings doublet states, we make the cavity driven by a coherent probe field and a broadband squeezed vacuum simultaneously. Physically, the squeezed vacuum will result in excitations of state with even photon numbers, which provides a possibility to climb much higher Jaynes-Cummings doublet even if the probe field is very weak. Currently, the squeezed light can be successfully generated by the parametric oscillator or parametric down converter [19] . Due to its potential applications in the fields of quantum measurement, optical communication, and quantum information processing, squeezed vacuum state has been extensively studied [20] [21] [22] [23] [24] .
In this paper, we carefully study the cavity excitation spectrum and the photon number distributions in a single atom-cavity QED system. We show many interesting features arising from the squeezed vacuum by comparing with the case of thermal field injection. In an empty cavity, for example, we show that the properties of the squeezed vacuum can be observed by detecting the photon number distribution. In a single-atom-cavity QED system, however, we find that the properties of the squeezed vacuum are changed significantly due to the strong coupling between the atom and cavity, which are reflected in both the cavity excitation spectrum and the photon number distribution. Based on these features, it is possible to detect whether a single atom is trapped in the cavity. We also show that the squeezed vacuum boosts the multiphoton excitations and can be used to explore higher Jaynes-Cummings doublet states with a weak coherent field.
System model
To begin with, we consider that a single two-level atom with resonant transition frequency ω A is strongly coupled to a single-mode cavity with frequency ω C . As shown in Fig. 1(a) , the . The ground (excited) state of the two level atom is labeled as |g (|e ). The cavity is coherently driven by a probe field of frequency ω p , and a broadband squeezed vacuum with central frequency ω S at the same time. The Rabi frequency of the probe field is labeled as η. Here, κ and γ denote the spontaneous decay of the atom and the damping rate of the cavity, respectively. The energy-level structure and transition pathways of the system are shown in panel (c).
ground (excited) state of this atom is labeled as |g (|e ). The cavity is driven by a broadband squeezed vacuum with central frequency ω S , and a coherent probe field with angular frequency ω p simultaneously [see panel (b) ]. Here, we assume ω C = ω A = ω 0 and ω p = ω S for simplicity. In general, the atom-cavity strongly-coupled system can be well described by the JaynesCummings Hamiltonian in a frame rotating at the frequency of the coherent probe field frequency ω S , i.e.,
where ∆ C = ∆ A = ω 0 − ω S and g is the coupling strength between the atom and cavity field and η is the Rabi frequency of the probe field. σ + = |e g| (σ − = |g e|) denotes the raising (lowering) operator of the two level atom, and a † (a) denotes the cavity photon creation (annihilation) operator. The effect of the squeezed bath is not contained in Eq. (1) but would be included in the master equation.
In the normalized unit with = 1, the evolution of the density matrix ρ of this system is then given by
where
originates from the spontaneous decay of this two-level atom at rate γ. The effect of the injected broadband squeezed vacuum is given by the last term in Eq. (2) and can be expressed in the form of [25]
where N = sinh 2 (r) and M = cosh (r) sinh (r)e iφ are the photon number and the strength of twophoton correlation in the injected squeezed vacuum, respectively. Here, r (φ) is the squeezing parameter (phase). Note that if squeezed vacuum is replaced by the usual vacuum, (i.e., if r = 0), then the phase dependent terms (M terms) drop out and only the very first term in Eq. (3) survives. We also note that the limit of thermal reservoir can be obtained formally by setting M = 0 and N =n wheren is the number of thermal photons at cavity frequency.
Empty cavity system
Before studying such a complicated system, we first review the case of an empty cavity driven by a thermal field or a broadband squeezed vacuum, respectively (i.e., setting g = 0 and η = 0). As we all known, if the cavity is driven by a thermal field, i.e., N =n 0 but M = 0, the average photon number in the cavity a † a th empty = N =n, which is independent of the thermal field frequency. Likewise, if the cavity is driven by a squeezed vacuum (i.e., N = sinh 2 (r) and M = cosh (r) sinh (r)e iφ ), we can also analytically calculate the average photon number in the cavity, which is given by a † a sq empty = N = sinh 2 (r). In Fig. 2 (a), we show that numerical results of the average photon number, where the red line with squares indicates the squeezed vacuum driving, but the blue line with triangles indicates the thermal field driving. The system parameters are chosen as r = 0.2 and φ = 0. In the case of thermal driving, we take N =n = sinh 2 (r) and M = 0 for mathematical simplicity. In order to have a fair comparison of thermal and squeezed bath cases, we set the photon number equal.
Although they have the same characteristics in the cavity excitation spectrums,thermal/squeezed vacuum driving causes different properties in the photon distributions. In Fig. 2(b) , we show the photon distribution P n when the driving field is resonant to the cavity, i.e., ∆ C = 0. In the squeezed vacuum driving case, the probability of the photon number distribution P 2k+1 = 0 for all states with odd number of photons, and
for all states with even number of photons [see Fig. 2(b) , red bars]. In the thermal driving case, however, the probability of the photon number distribution is given by P n = N n /(N + 1) n+1 [see the blue bars] (i.e., all states have populations). Only when the frequency of the squeezed driving field is tuned far off-resonant to the cavity frequency, the photon distributions are the same as that of the thermal driving case [More details are discussed in the appendix].
Single atom cavity QED system
Now, we consider the case that a two-level atom is trapped in the cavity (i.e., g 0), where the master equation [Eq. (2)] can only be solved numerically in the strong coupling regime since multiphoton transition pathways must be taken into account. In Fig. 3(a) , we plot the cavity excitation spectrums for the thermal field driving (blue curve with triangles) and the squeezed vacuum driving (red curve with squares) as a function of the normalized cavity detuning ∆ C /g. In the case of the thermal field driving, the cavity excitation spectrum (blue curve) is similar to the case of empty cavity, which is flat and independent of the driving field frequency, but its magnitude decreases slightly due to the atomic damping. In the case of the squeezed filed driving, however, there exist two peaks in the cavity excitation spectrum at the two-photon excitation frequencies, i.e., ∆ C = ± √ 2g/2 (red curve), corresponding to |g, 0 → |g, 2 transitions as depicted in Fig. 1(c) . It is worthy to point out that the frequency shift is caused from the strong coupling. Here, we choose the coupling strength between the atom and cavity is g/γ = 15, and other system parameters are the same as those used in Fig. 2 . When the frequency of the squeezed vacuum is far away from the two-photon resonant frequency, it is found that the average photon number a † a the thermal driving when the driving field frequency is equal to the cavity frequency. This is because the squeezed vacuum is off-resonant to the cavity due to the energy splitting caused by the strong coupling between the atom and cavity. When the squeezed vacuum frequency is tuned to the two-photon resonant frequency, the properties of the squeezed vacuum become strong enough to be observed. As shown in Fig. 3(c) , the amplitudes of the photon distributions for squeezed vacuum driving are much larger than those for thermal driving if the photon number of Fock state n ≥ 2, which provides a possibility to observe multiphoton transitions and explore high-order nonlinearity in the cavity QED system. In Fig. 3(d) , we plot the fluctuations of the average photon number ∆n = a † a g 0 − a † a th g 0 as functions of the normalized detuning ∆ C /g and the squeezing parameter r. Obviously, only two peaks at two-photon resonant frequencies, i.e., ∆ C = ± √ 2g/2 can be observed for weak squeezing strength (i.e., small r) since high-order transition processes are too weak to be excited. However, with the squeezing strength r increasing, four-photon excitations (∆ C = ±g/2) and even six-photon excitations (∆ C = ± √ 6g/6) become strong enough to be detected. As a result, there exist many peaks in the excitation spectrum, corresponding to the multiphoton excitation processes that are hard to be observed by only using a thermal field.
Based on these interesting properties exhibited above, we propose a new method to detect whether an atom is trapped in the cavity by using squeezed vacuum. In this proposal, we assume that there exists a single atom in the cavity, and the squeezed vacuum frequency is the same as the cavity frequency, i.e., ∆ C = 0. As a result, one can detect the existence of a single atom by measuring the probability of one-photon state distribution, i.e., P 1 . If P 1 > 0 is measured, a single atom is successfully trapped in the cavity. Otherwise, P 1 = 0 can be measured due to the property of the squeezed vacuum. As shown in Fig. 4(a) , the stronger the squeezed vacuum ) and (c) demonstrate the photon number distribution with different parameter r in an empty cavity and a single-atom-cavity QED system driven by a squeezed vacuum, respectively. The detuning is chosen as ∆ C = 0 and other system parameters are the same as those used in Fig. 3 .
is, the higher the probability of one-photon state distribution is. This excitation as shown in Fig. 1(c) is via |g, 2 g → |e, 1 κ → |e, 0 . In Fig. 4(b) and (c), we demonstrate the photon state distribution in an empty cavity [panel (b)] and a single atom-cavity QED system [panel (c)], respectively, by varying the squeezing strength r. In an empty cavity, it is clear to see that only the states with even number of photons can be detected i.e., P 2k+1 = 0 and P 2k 0 [11] . With the squeezing strength r increasing, more and more states with even number of photons can be detected. However, in presence of the atom, the states with odd number of photons can also be detected as demonstrated in panel (c). This is because the cavity absorbs the squeezed vacuum via the two-photon process, and then couples to the atomic excited state via the interaction between the atom and cavity. Therefore, it is possible to measure photons with odd number via the cavity damping as shown in Fig. 1(c) . It is also noticed that the larger the squeezing strength is, the more the states with odd number of photons can be measured.
Competing effects of the coherent and squeezed radiations
In the following, we study the case that the cavity is driven by a coherent field η and an incoherent field (squeezed or thermal field) simultaneously. In this case, the one-photon excitations by the coherent field and the multiphoton excitations by the incoherent field compete with each other, which results in many interesting interference phenomena. Firstly, we consider the case of an empty cavity driven by a coherent probe field and an incoherent field simultaneously. As shown in Fig. 5(a) , the cavity excitation spectrum for the thermal field is the same as that for the squeezed vacuum, and there exists a single peak at ∆ C = 0 in the cavity excitation spectrum, which is caused by the coherent field. Here, we choose η/γ = 0.2, r = 0.2 and other system parameters are the same as those used in Fig. 3 . ) show the average photon number as a function of the normalized detuning ∆ C in an empty cavity and a single-atom-cavity QED system, respectively. The blue (red) curves represent the case that the thermal (squeezed) field is injected into the system with a coherent field. Here, the coherent field is chosen as η/γ = 0.2 for both panels (a) and (b). Other system parameters are the same as those used in Fig. 3 . The black dash-dotted lines indicate the case that the cavity is only driven by a thermal field.
When an atom is trapped in the cavity, the cavity excitation spectrum exhibits many new features due to the competition between one-photon and two-photon excitations. For example, in the case of thermal field injection, there exist two peaks at ∆ C = ±g in the cavity excitation spectrum, corresponding to the one-photon excitations [see the blue curve in panel (b)]. Compared with the result shown in Fig. 3(a) , we find that these two peaks attribute to the coherent field. However, in the case of squeezed vacuum injection, there exist four peaks, corresponding to the one-photon excitations at ∆ C = ±g and two-photon excitations at ∆ C = ± √ 2g/2, respectively. Obviously, the squeezed vacuum results in the two-photon excitations, whose amplitude is close to that of the one-photon excitation arising from the coherent field. Comparing these two cases, we find that high-order photon transition processes are much easier to be excited if the cavity is driven by the squeezed vacuum.
We next bring the effects due to phase characteristics of the squeezed bath. In Fig. 6 , we plot the change in the average photon number ∆n = a † a g 0 − a † a th g 0 by changing the parameter r. Here, we choose η/γ = 0.5 to compete with the squeezed/thermal field. In the case of thermal field injection [see panel (a)], it is clear to see that only one-photon excitations can be observed for weak parameter r. If the thermal field driving strength r > η, all multiphoton excitations merge together. As the driving strength r increases, the amplitudes of the multiphoton excitations induced by the thermal field become as strong as the one-photon excitations. In the case of squeezed vacuum injection, two-photon excitations induced by the squeezed vacuum compete Here, we choose η/γ = 0.5 and other system parameters are the same as those used in Fig. 3 . The coherent field is on in both panels (a) and (b). The detunings ∆ c /g = ± √ n/n stand for the n-photon excitations.
with the one-photon excitations induced by the coherent field. As a result, one-photon and two-photon excitations can be clearly observed and well separated under even if r < η. When the squeezing strength r is close to the coherent field η, four-photon and much higher-order excitations can be excited. As the parameter r increases, high-order excitations are boosted by the squeezed vacuum, resulting in that the amplitudes of multiphoton excitations become much stronger than those of one-photon excitations [see panel (b)].
Conclusion
In summary, we have studied the cavity QED system driven by a squeezed vacuum, which exhibits many interesting features. In an empty cavity system, although the cavity excitation spectrum for the squeezed vacuum is the same as that for the thermal field, the photon number distributions are different at the cavity resonant frequency. When a two-level atom is trapped in the cavity, states with odd number of photons get populated due to the coupling between the atom and cavity, and two-photon excitations are dominant for weak squeezing strength. As the squeezing strength increases, multi photon excitations can also be observed, which results in many peaks in the cavity excitation spectrum. Based on these properties arising from the squeezed vacuum, we propose a method to detect whether a single atom is trapped in the cavity. We also show that the squeezed vacuum promotes the multiphoton excitations and can be used to climb higher Janyes-Cummings doublet with a weak coherent probe field.
